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Introduction {#sec1}
============

Noble metal nanocrystals have been extensively investigated for achieving high efficiency and yield among organic catalysis ([@bib6], [@bib13], [@bib23], [@bib37], [@bib45], [@bib46], [@bib31]). Owing to the high surface energy, the nanometer-scale catalysts tend to aggregate during the reaction, resulting in catalyst deactivation and difficulties for recycling. Therefore, researchers have employed a variety of strategies to maintain the segregation of noble metal nanoparticles by introducing extra cushion building blocks, such as on the surface of graphene oxide and metal-organic frameworks ([@bib38], [@bib20], [@bib17], [@bib63]) and locking the noble metal nanoparticles inside micro-to-nano cavities for avoiding aggregation ([@bib52], [@bib12], [@bib54]). Composite nanomaterials with well-designed structures and components have attracted enormous attention in recent years to realize either the integrated properties of each ingredients or synergistically enhanced performances for organic synthesis via noble metal catalysis with enhanced product yield and cycle life ([@bib10], [@bib16], [@bib55]). Although the stability and the recyclability of the noble nanoparticles have been improved, these kinds of particles systems still rely on the diffusion of the solutes and therefore reach the bottleneck for further improvement of catalytic efficiency, such as harvesting high-quality desired product, cost-saving from reduction of the usage amount of the noble metal, and the recyclability with magnetic collection

Combination of the catalysis and the active colloidal matter offers a new strategy for overcoming the bottleneck and improving the catalytic performance. Micro-/nanomotors have attracted wide interests for decades owing to their controlled motion capability generated from the conversion of various kinds of energy sources into mechanical energy ([@bib7], [@bib24], [@bib47], [@bib48], [@bib49], [@bib64]). The self-propelled micro-/nanomotors are fuel dependent that required the chemical energy and biochemical energy derived from the surrounding environment for autonomous navigation. Although lots of the self-propelled micro-/nanomotors have been developed, particular attention was paid to the structural design of the micro-/nanomotors with the integration of the catalysts, such as noble metals and enzymes, in an asymmetric manner, so as to generate directional propulsion of the micro-/nanomotors ([@bib15], [@bib33], [@bib1], [@bib36]). The design and fabrication of self-propelled micro-/nanomotors with powerful and directional motion have been well demonstrated in previous studies ([@bib39], [@bib41], [@bib42], [@bib34]). Other micro-/nanomotors, which are powered by various external stimuli like magnetic, electric, light, and ultrasonic fields, possess the main merits of the remote actuation and steering. The propulsion and navigation of individual micro-/nanorobots supplied with various kinds of energies have been extensively investigated during the past two decades. Different from the actuation of the individual micro-/nanorobots, and the independent propulsion of multi-agents, the swarming motion control of a cluster of tiny agents can perform integral and reconfigurable transportation of the micro-/nanoagents with ultra-low agent loss during the motion by many external stimuli ([@bib5], [@bib56], [@bib57], [@bib58], [@bib59], [@bib45], [@bib46], [@bib2], [@bib19], [@bib29], [@bib32], [@bib18], [@bib11], [@bib41], [@bib42], [@bib43], [@bib35], [@bib62], [@bib65], [@bib45], [@bib46]). Magnetic-field-controlled swarming of micro-/nanorobots offered an efficient strategy for the directed actuation and steering of a cluster of nanoagents. In our recent works ([@bib58], [@bib59], [@bib45], [@bib46]), we developed a novel strategy to integrally transport a cluster of micro-/nanoagents as a 2D collective for the delivery purpose with remote magnetic field control. However, attributed to the requirement of force balance between the magnetic attraction for maintaining the swarming pattern and the fluidic drag effect for the integral translational motion, the efficiency of the simple magnetic actuation to form the magnetic microswarm and move it as a 2D dynamic collective is very limited. Moreover, with the increasing dose of the nanoagents, the area of the 2D pattern increases and the attraction effect to the outermost nanoagents will be weakened, causing the unstable of the collective. The drawbacks may hinder the motion and delivery efficiency of the micro-/nanoagents to the targeted location.

In this work, we developed a novel 3D ensemble consisting of a large number of bubble-cross-linked Fe~3~O~4~\@PDA-Au nanomotors, which showed ultra-high catalytic performance and mobility. The bubbles generated from the surface gold nanocrystals of the nanocatalysts play an important role in and benefit both the catalytic performance and the motion. First, the surface bubbles cross-link the building blocks of the bubble-cross-linked magnetic colloidal swarming nanomotors (B-MCS) and form a stack along the vertical axis to form a 3D ensemble, and they decrease the density of the B-MCS ensemble and increase its buoyancy. Second, the surface bubbles of nanocatalysts can significantly decrease the drag during the rotational and translational actuation of the B-MCS in fluid. Third, the escaped bubbles increase the fluid convection surrounding the B-MCS. Fourth, the bubbles enhance the interaction among the nanocatalysts inside the B-MCS ensemble via the interfacial tension. Fifth, the bubble-assistant collective locomotion enhances the catalytic performance of the nanocatalysts in three dimensions. As the bubble-assistant propulsion of individual micro-/nanomotors have been extensively explored in the past, this work gives a novel example of the bubble-accelerated motion of the collective behavior. Moreover, most of the previous swarm motions are two-dimensional (2D) planar assembly of the micro-/nanoagents with quite limited delivery dose. This work demonstrated that the micro-/nanoagents can be furtherly stacked along the vertical axis and generate a three-dimensional (3D) ensemble. Furthermore, the excellent mobility and 3D liquid convection make the B-MCS easily conduct an effective on-the-fly catalysis at the pre-assigned location with high spatial-temporal precision. The work is of potential industrial significance to enhance the catalytic efficiency and shorten the catalytic time during organic synthesis.

Results {#sec2}
=======

The multifunctional mesoporous nanocatalysts compose of, from inside to outside, a core of nonporous polydopamine (PDA)-protected magnetite microspheres (diameter = 250 nm) and a layer of dense and active gold nanoparticles (see [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}). Transmission electron microscopy (TEM) images reveal that the PDA layer shows a thickness of 5 nm, and the as-prepared Au nanocrystals show a uniform size of 4 nm ([Figures 1](#fig1){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}). As reported previously, gold nanoparticles with an average size of 3.4 nm exhibit an optimized catalytic activity ([@bib28]). The Energy Dispersive Spectrometer (EDS) mapping of the magnetic nanocatalysts verified the uniform elemental distributions of Fe, O, and Au (see [Figure S3](#mmc1){ref-type="supplementary-material"}). X-ray photoelectron spectroscopy (XPS) spectra in [Figure S4](#mmc1){ref-type="supplementary-material"} verified the gold, iron, and other ingredients in the nanocatalysts.Figure 1Schematics of the Conventional Catalysis and B-MCS Ensemble-Based Catalysis(A) TEM image of Fe3O4\@PDA-Au nanocatalysts. Inset is the structural model of the nanocatalyst.(B) Schematic showing the conventional catalysis with violent mechanical stirring.(C) Schematic showing the heterogeneous catalysis with the magnetic ensemble of bubble-cross-linked nanocatalysts ([Video S1](#mmc2){ref-type="supplementary-material"}).

Video S1. Catalysis with Fixed Amount of Nanocatalysts under Two Modes: Violent Shaking and Collective Locomotion, Related to Figure 1

The prepared nanocomposites can serve as a typical catalyst for various catalytic reactions. Here we use the catalytic synthesis of 4-aminophenol (4-AP) from 4-nitrophenol (4-NP) as an example. 4-AP is an important industrial chemical that is widely used in the drug discovery, as hair dyes, camera developers, and anti-aging agents in rubbers, with a rapidly increasing demand every year ([@bib3]). The catalytic mechanism is systematically shown in [Figure S5](#mmc1){ref-type="supplementary-material"}. Under the existence of the nanocatalysts, the sodium borohydride reacts with water quickly and generates the reductive BH~4~^-^ and hydrogen gas. Traditional catalytic reactions generally apply the mechanical stirring process to homogenize the nanocatalysts within the solution to ensure sufficient contact and rapid diffusion, as schematically shown in [Figure 1](#fig1){ref-type="fig"}B. Here our proposed strategy uses the external magnetic field to assemble the nanocatalysts into 3D bubble-cross-linked ensemble ([Figure 1](#fig1){ref-type="fig"}C). The catalytic performance of the nanocatalysts in the two kinds of modes are studied. [Figure 2](#fig2){ref-type="fig"}A shows the experimental setups for performing the mechanical shaking and magnetic collective motion. While 20 μL of 1 mg/mL nanocatalysts were added into the solutions, the catalytic reactions were monitored with UV-vis spectrometer. The gradual decrease of the absorption peak of the 4-NP solution at 400 nm indicates the gradual reduction of 4-NP to 4-AP. After 30 min of catalysis, the peak of the 4-NP for the B-MCS based catalysis nearly disappeared ([Figure 2](#fig2){ref-type="fig"}D) and the solution became colorless ([Figure 2](#fig2){ref-type="fig"}B). As for the catalysis process under violent shaking, the peak of the 4-NP shows a slight decrease ([Figure 2](#fig2){ref-type="fig"}C) and the color of the solution remains unchanged ([Figure 2](#fig2){ref-type="fig"}B). At this time point (30 min), the concentration of 4-NP in the solution with the catalytic B-MCS ensemble is only 22% of the concentration of 4-NP with violent shaking, indicating a much higher conversion ratio of the catalysis caused by B-MCS. The absorbances at 400 nm were recorded with different nanocatalysts concentrations as the time elapsed as shown in [Figure 2](#fig2){ref-type="fig"}E. The peaks gradually decrease and reach a steady stage finally. The increase of the nanocatalysts concentrations resulted in smaller steady absorbance. Surprisingly, the steady absorbance with a nanocatalyst concentration of 100 μg/mL under the violent shaking still showed a higher value compared with the steady absorbance with a nanocatalysts concentration of 20 μg/mL under the proposed B-MCS motion of the ensemble (see green curve and blue curve in [Figure 2](#fig2){ref-type="fig"}E). To evaluate the catalytic efficiency quantitatively, the pseudo-first order rate constants (k) at room temperature under the two kinds of catalytic modes were calculated via the slope of ln(C~t~/C~0~) (C~t~ and C~0~ represent the concentrations of 4-NP at time t and 0 min) in [Figure 2](#fig2){ref-type="fig"}F. The rate constant under the B-MCS ensemble is six times higher than that under the violent shaking condition with evenly dispersed colloids in solution.Figure 2Comparison of Catalytic Performance under Violent Shaking and Magnetic Field Controlled Collective Motion(A) Setups of the two kinds of catalytic modes.(B) Optical image shows the solution before and after 30 min of catalysis under the two modes.(C) UV-vis spectra of catalytic reduction of 4-nitrophenol to 4-aminophenol with 20 μg/mL of the nanocomposites as catalyst under the mechanical violent shaking mode.(D) UV-vis spectra of catalytic reduction of 4-nitrophenol to 4-aminophenol with 20 μg/mL of the nanocomposites as catalyst under the collective motion (B-MCS) mode.(E) The absorbance at 400 nm at different time points with 20, 60, and 100 μg/mL of nanocatalysts under violent shaking mode and with 20 μg/mL nanocatalysts under the B-MCS mode.(F) The relationship between ln(C~t~/C~0~) and the reaction time with fixed nanocatalyst concentration under the two modes. (The value of the slope reflects the catalytic rate of among an organic synthesis system.)

The magnetic field-triggered gathering of the bubbles-infused nanocatalysts is demonstrated in [Figure 3](#fig3){ref-type="fig"}. The magnetic colloidal swarm collective, as the control group in this work, was generated from the gathering of the nanocatalysts using a rotating magnetic field without the addition of sodium borohydride as schematically illustrated in [Figure 3](#fig3){ref-type="fig"}A. The B-MCS ensemble was generated from the gathering of the nanocatalysts under catalytic bubble reaction using a rotating magnetic field as schematically illustrated in [Figure 3](#fig3){ref-type="fig"}C. The side views of the control group and B-MCS in [Figures 3](#fig3){ref-type="fig"}B and 3D suggested that the configuration without bubbles is a 2D pattern, whereas the configuration of a B-MCS is a 3D pattern. The bubbles cross-link the nanocatalysts and form a stack along the z axis, generating the 3D B-MCS ensemble. The vertical axis stacking of the nanoagents significantly minimizes the spreading area than that of the conventional swarming process ([Figures 3](#fig3){ref-type="fig"}B and 3D), making the maximum dose of the swarming nanoagents larger than that of the conventional colloid swarm. [Figure 3](#fig3){ref-type="fig"}E gives the successive snapshots of the assembly process with both the variation of the nanocatalysts and the bubbles (field strength is 5 mT, input frequency is 6 Hz). As indicated by the blue dotted line, the nanocatalysts show a relatively uniform distribution in an elliptical area at the beginning. The inset shows the detail of the dispersed nanocatalysts with random chain-like structures due to the remanence of the material. After a rotating magnetic field was applied, the nanocatalysts quickly formed several small ensembles ([Figures 3](#fig3){ref-type="fig"}C and inset in 3E). As the time elapses, these rotating micro-ensembles successively merged with their neighbors and finally formed a larger rotating ensemble with significantly increased amount of bubble ejection than the original dispersed state and the intermediate state with several small ensembles. The merging process of two small ensembles under the magnetic field are recorded in [Figure 3](#fig3){ref-type="fig"}F. The two rotating nanocatalyst ensembles assembled and merged with each other to form a larger B-MCS ensemble spontaneously after orbiting each other for a few laps, which is caused by the attraction of the induced fluidic vortices. From the measurement of the blue dotted circles in [Figure 3](#fig3){ref-type="fig"}E, the final formed ensemble possessed a higher particle density than that of the original state. It is noted that the bubble ejection after the assembly is much more violent than the original nanocatalysts with a dispersed state (see [Figure S6](#mmc1){ref-type="supplementary-material"}), demonstrating the faster catalytic reaction kinetics of the nanocatalysts originated from the collective motion and fluid convection of the gathered nanocomposite pattern. The sodium borohydride is found to readily decompose on the surface of the nanocatalysts with hydrogen bubbles generated *in situ*. The gathering effect of nanocatalysts further accelerated the generation of the hydrogen gas. Inversely, the hydrogen bubbles not only facilitated the reduction of the 4-NP, but also improved the mobility of the collective behavior for enhanced planar motion and the diffusion of the solutes. In addition to the magnetic assembly of the nanocatalysts, the disassembly of an ensemble of the nanocatalysts into small micro-clusters after catalytic usage can be also realized, as shown in [Figure S7](#mmc1){ref-type="supplementary-material"} with a dynamic magnetic field.Figure 3Dynamic Assembly of the Conventional 2D Colloidal Swarm and 3D B-MCS(A) Schematic illustration of the assembly process of the nanocatalysts under rotating magnetic field in the 4-NP solution without addition of NaBH~4~.(B) Side view of the 2D collective.(C) Schematic illustration of the assembly process of the nanocatalysts under rotating magnetic field in the 4-NP solution with addition of NaBH~4~.(D) Side view of the 3D B-MCS ensemble.(E) Successive snapshots show the assembly process of the B-MCS under rotating magnetic field (5 mT, 6 Hz). The inset shows the enlarged view of the gradual shrunk pattern ([Video S2](#mmc3){ref-type="supplementary-material"}).(F) Spontaneous fusion process of the small gathered nanocatalysts.

Video S2. Magnetic Field Triggered Gathering of Nanocatalysts with Increased Bubble Generation, Related to Figure 3

Apart from the assembly of the B-MCS ensemble, the rotational and translational motions of the formed B-MCS were also studied. The rotational velocity (*ω*) of the 2D collective without bubbles is strongly related to the applied magnetic field frequency, and the increase of the dose of the building blocks will affect the integral rotating of the collective ([@bib56], [@bib57]). [Figure 4](#fig4){ref-type="fig"}A gives the comparison of the rotation of the control group (without bubbles) and the B-MCS with the same magnetic field parameters (5 mT, 6 Hz). The B-MCS shows a higher apparent rotational revolution velocity with bubbles escaped from the pattern (indicated by the blue arrows in [Figure 4](#fig4){ref-type="fig"}A). The insets in [Figure 4](#fig4){ref-type="fig"}A show the schematics of the building blocks of the collectives without and with bubbles. As for the B-MCS, the building block contains not only the nanocatalyst but also the surface dynamic and ceaseless bubbles. [Figure 4](#fig4){ref-type="fig"}B gives the quantitative comparison of the apparent rational velocities of the control group and B-MCS with different magnetic field frequencies. The rotational velocity of B-MCS shows a positive linear relationship with the magnetic field frequency. Compared with the velocities in the control group, as plotted by the red curves in [Figure 4](#fig4){ref-type="fig"}B, the rotational velocities of the B-MCS are significantly higher.Figure 4Rotational Motion of the B-MCS Ensemble(A) Microscopic images show the control group and B-MCS (5 mT, 6 Hz). The inset at the bottom shows the schematics of the building blocks of the control group and B-MCS.(B) The relationship between the rotational velocity and magnetic field frequency for the B-MCS and control group (field strength is 10 mT).(C and D) Schematics of the slip length of the collective locomotion caused by bubble-infused liquid slip mechanism. (C) As for the control group, the velocity gradient near the nanocatalysts surface is significant with a small slip length. (D) As for the B-MCS, the velocity gradient near the nanocatalysts surface is quite small because of the dewetting, and the slip length in this case is large.(E and F) Simulation results of the flow field of the control group and B-MCS. The higher flow field indicates the higher liquid convection.(G and H) Simulation results of the pressure field of the control group and B-MCS. The higher pressure field indicates the higher disturbance.

The accelerated rotating velocity is attributed to the surface dewetting effect by bubbles. The slip length is elongated. The generated bubbles, on the one hand, lowered the average volume density of the dynamic pattern. On the other hand, the generated bubble among the B-MCS ensembles dewet the particles surface to form the Cassie-Baxter wetting state ([@bib47], [@bib50], [@bib51], [@bib25], [@bib4], [@bib22]) by converting the solid-liquid-solid interface into the solid-gas-solid interface and thus largely reduced the friction force between the nanocatalysts and the substrate. Likewise, on the other directions, the interface between the nanocatalysts and the solution was altered from the solid-liquid interface to solid-air-liquid interface, which also contributed to the spatial drag reduction. Liquid slip on the solid surface is critical to characterize the drag between the liquid and solid interface. As for the Newtonian fluid, the linear velocity profile around the solid phase will not vanish at the solid-liquid interface. The extrapolation depth into the solid (*δ*) to get a vanishing of the velocity is called slip length ([@bib9]). A larger slip length facilitates and promotes the drag reduction ability of the surface. As for the control group without bubbles, the nanocatalysts are completely wetted and form Wenzel state ([@bib53]) as shown in [Figure 4](#fig4){ref-type="fig"}C. As for the B-MCS schematically shown in [Figure 4](#fig4){ref-type="fig"}D, the nanocatalysts stay in a dewetting state, which is called Cassie-Baxter state.

For the composite wetting state with both solid-liquid interface and gas-liquid interface, the slip length in these two states shows the following relationship with the fraction of the gas phase (*Φg*) ([@bib26]).$$\delta \sim L/\sqrt{1 - \Phi g}$$where L is the pitch distance of the surface rough nanostructures. For the complete dewetting by the gas bubbles, the slip length shows the linear positive relationship with the thickness of the gas layer (*b*) ([@bib8]).$$\delta = b\left( {\mu_{l}/{\mu_{a} - 1}} \right)$$where *μ*~*l*~ and *μ*~*a*~ represent the viscosities of liquid and air, respectively. [Equation 1](#fd1){ref-type="disp-formula"} suggested that the gas bubble trapped on the nanocatalysts can increase the slip length. If one neglects the gold nanobumps on the magnetic particle surface, an air film can be obtained. It increases with the increasing bubble volume. The trapped bubbles volumes will reach a saturated state and the redundant gas will escape from the surface, achieving a dynamic equilibrium. [Equation 2](#fd2){ref-type="disp-formula"} suggested that both the increase of the thickness of the air film and the viscosity of the liquid phase can cause the increase of the slip length. As indicated in [Figure 4](#fig4){ref-type="fig"}C, the nanocatalysts collective without catalytic bubbles show a large velocity gradient perpendicular to the nanocomposite surface. The fraction of the gas phase (*Φg*) is zero, which makes the slip length extremely low according to [Equation 1](#fd1){ref-type="disp-formula"}. Although the nanocatalysts cluster continuously ejects bubbles outward, it will be wrapped with a dynamic gas film and the *Φg* (0\< *Φg* \<1) is much larger than the former case, causing the increase of the slip length and the decrease of the drag. The amount of the dynamic gas bubbles can also affect the slip length in the form of gas film thickness according to [Equation 2](#fd2){ref-type="disp-formula"}. The gas film will result in a larger slip length and smaller resistance. The drag reduction property of the bubble-cross-linked nanomotors were furtherly verified by the simulation results of the spatial flow field and pressure field. As shown in [Figures 4](#fig4){ref-type="fig"}E and 4F, the maximum value of liquid flow around the nanocatalysts is about 100 μm/s for the control group, whereas the flow reaches about 10,000 μm/s for the B-MCS, indicating a significantly improved fluid convection. Meanwhile, the maximum pressure generated by the B-MCS is about three orders of magnitudes compared with that of the control group ([Figures 4](#fig4){ref-type="fig"}G and 4H). The simulation results suggested that the B-MCS cluster possessed an enhanced mobility and drag reduction properties and also contributed to the increase of the fluid convection.

The translational velocity of a swarm is mainly determined by the pitch angles, as schematically illustrated in [Figures 5](#fig5){ref-type="fig"}A and [S8](#mmc1){ref-type="supplementary-material"}. The tilt of the swarm plane leads to the translational locomotion, and the direction is controllable by tuning the direction angle. [Figure 5](#fig5){ref-type="fig"}B gives the quantitative investigation of the translational velocities and pitch angles of the B-MCS and the control group with the same magnetic field parameters (field strength is 10 mT and frequency is 15 Hz) and dose of the nanocatalysts (8 μL, 1 mg/mL). The translational velocity of a B-MCS increases rapidly with the increase of the pitch angle, until the velocity reaches its maximum of about 3 mm/s ([Figure 5](#fig5){ref-type="fig"}B). Compared with the control group as plotted by the red curves in [Figure 5](#fig5){ref-type="fig"}B, the translational velocities of the B-MCS are significantly larger with different pitch angles. [Video S3](#mmc4){ref-type="supplementary-material"} shows the translational motion of the B-MCS and the control group along a channel under the same field frequency of 6 Hz. The trajectory of the B-MCS can also be controlled in a programmable fashion as shown in [Figures S9](#mmc1){ref-type="supplementary-material"} and [S10](#mmc1){ref-type="supplementary-material"}. More importantly, the 2D swarm pattern without bubbles became unstable while the pitch angle was larger than 5°, making the reachable translational velocity quite limited and only up to about 0.1 mm/s as shown in [Figure 5](#fig5){ref-type="fig"}B. The reason is that the typical 2D planar pattern formed in the control group is mainly stabilized by the fluidic trapping force. It cannot adapt the large tilt angle of the swarm plane and would cause instability of the dynamic patterns, which may cause the collapse of the pattern. As for the B-MCS with 3D configuration, the pitch angle is unrestricted because the nanocatalysts are cross-linked by the interfacial tension of microbubbles in both the x-y plane and z axis, making the collective inclinable and stable. From the comparison in [Figure 5](#fig5){ref-type="fig"}B, the reachable translational velocity of B-MCS is about 30 times larger than that of the control group, indicating its merit in spatial navigation. The simulation results of the control group and B-MCS are specifically illustrated in [Figures S11--S14](#mmc1){ref-type="supplementary-material"}, indicating an enhanced flow field and pressure field generated by the B-MCS locomotion. As a result, the spatially enhanced catalytic performance was achieved and illustrated in [Figure S15](#mmc1){ref-type="supplementary-material"}.Figure 5Translational Locomotion of the B-MCS Ensemble(A) Schematic of the translational motion of the bubble-free collective and B-MCS ensembles with an applied pitch angle ([Video S3](#mmc4){ref-type="supplementary-material"}).(B) The relationship of the translational velocity and pitch angle for the B-MCS and the control group (field strength is 10 mT, input frequency is 15 Hz).

Video S3. Comparison of the Navigation of the Nanocatalysts Collectives without Bubbles and with Bubbles Assistance, Related to Figure 5

The enhanced catalytic performance can be interpreted from the two aspects. First, the cross-linking effect generated by the microbubbles causes the gathering and stacking of the nanocatalysts and forms locally increased concentration of the nanocatalysts, making the local catalysis effective. Second, B-MCS motion triggers the enhanced fluid convection in the 3D space. Specifically, the fluid convection at the x-y plane was promoted by the high-speed rotation of the B-MCS as indicated in [Figure 4](#fig4){ref-type="fig"}F. The fluid convection along the z axis was promoted by the continuous escape of the bubbles from the bottom B-MCS during the rotation. The combined effect of the increased local catalysts concentration and the promoted 3D fluid convection triggered the significant increase of the catalytic rate constant and the spatial catalytic performance. We furtherly compared the catalytic performance of our result with the current state-of-the-art works. As shown in [Figure 6](#fig6){ref-type="fig"}, the nanocatalysts with B-MCS motion show (highlighted in red) much better catalytic performances than the current state-of-the-art works using different kinds of catalysts. For the catalysis under violent shaking, the performance is in the normal range. The results suggested that the proposed strategy may show potential industrial significance by shortening the catalytic time and saving the usage of the noble metal catalysts during organic synthesis.Figure 6Comparison of the Rate Constant with the Current State-of-the-Art NanocatalystsThe data are retrieved from the references ([@bib21], [@bib27], [@bib30], [@bib40], [@bib66], [@bib44], [@bib55], [@bib61], [@bib60]).

Discussion {#sec3}
==========

This work reports an efficient strategy to realize an enhanced catalytic activity than that of the violent stirring-based heterogeneous catalysis in a uniform manner. The improved catalytic performance is achieved by the magnetically controlled gathering and collective motion of the bubble-cross-linked nanocatalysts. Compared with the swarming collective without bubbles, the integral rotation was improved because of the dynamic dewetting and increased slip length caused by the ejected bubbles. The translational locomotion was also strikingly boosted because of the cross-linking ability of the internal bubbles among the nanocatalysts in z axis, which made the B-MCS three-dimensional and stable even under large pitch angles. The B-MCS can be navigated with the external magnetic field with programmable trajectory, and easily be actuated to designated location to perform rapid catalysis. Benefitting from the locally increased catalysts concentration and 3D promoted fluid convection, the catalytic activity of the B-MCS can achieve a constant rate of 3.4 min^−1^ under a low nanocatalyst concentration of 20 μg/mL, exceeding the performance on the current state-of-the-art 4-NP and 4-AP catalytic systems. The proposed B-MCS shows its potential industrial impact on the enhanced catalytic efficiency, shortened catalytic time, cost-saving from reduction of the usage amount of the noble metal, and recycling property with magnetic collection.

Limitations of the Study {#sec3.1}
------------------------

Although the improved catalytic performance is achieved in laboratory-scale vials, the strategy shows its limitation in the scale-up toward the real industrial applications. The Helmholtz coils setup generally possesses very limited working distance. To scale-up the bubbles assistant swarming catalytic system, the magnetic actuation system may require further improvement to increase the working distance. In addition, the enhanced collective motion of the B-MSC ensemble is realized in the bubbles participated catalytic system; for the catalytic reactions without bubbles, the proposed strategy may not work.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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